Abstract. Using double-barreled, Ca2÷-sensitive microelectrodes, we have examined the characteristics of the Ca 2+ release by inositol 1,4,5-trisphosphate (Ins(1,4,5)P3) in the various layers of Xenopus laevis eggs in which the organelles had been stratified by centrifugation. Centrifugation of living eggs stratifies the organelles yet retains them in the normal cytoplasmic milieu. The local increase in intracellular free Ca 2+ in each layer was directly measured under physiological conditions using theta-tubing, doublebarreled, Ca2+-sensitive microelectrodes in which one barrel was filled with the Ca 2+ sensor and the other was filled with Ins(1,4,5)P3 for microinjection. The two tips of these electrodes were very close to each other (3/~m apart) enabling us to measure the kinetics of both the highly localized intracellular Ca 2÷ release and its subsequent removal in response to Ins(1,4,5)P3 injection. Upon Ins(1,4,5)P3 injection, the ER-enriched layer exhibited the largest release of Ca 2+ in a dosagedependent manner, whereas the other layers, mitochondria, lipid, and yolk, released 10-fold less Ca 2÷ in a dosage-independent manner. The removal of released Ca 2÷ took place within ,x,1 min. The sensitivity to Ins(1,4,5)P3 and the time course of intracellular Ca ~+ release in the unstratified (unactivated) egg is nearly identical to that observed in the ER layer of the stratified egg. Our data suggest that the ER is the major organelle of the Ins(1,4,5)Prsensitive Ca 2÷ store in the egg of Xenopus laevis. transient increase in intracellular free calcium concentration ([Ca2+]~) during sperm-egg interaction is one of the main ionic events of fertilization that triggers the initiation of development of the zygote (13, 21, 46, 60) . This increase in [Ca2+]i has been observed during the activation of a wide variety of eggs using at least three different techniques for Ca ~+ measurement. The photoprotein, aequorin, was the first Ca 2+ indicator to reveal a wave of increased free [Ca2+]i after activation of the eggs of the medaka fish (16, 20, 39, 62) , sea urchin (12, 48), starfish (10), frog (25), mouse (7, 8) , and hamster (29). Pairs of Ca ~+ electrodes were used to study the wave in frog eggs (3, 4, 35) and the fluorescent Ca 2+ probe, fura-2, has been used in sea urchins (17, 51, 59) .
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Recent studies of sea urchin and frog eggs have indicated that sperm-egg interaction may release Ca 2+ through the inositol lipid cascade. Sperm binding to its receptor at the egg surface activates a phosphoinositide-specific phospholipase C enzyme (24, 54, 55) . The phospholipase C enzyme hydrolyzes phosphoinositol 4,5-bisphosphate (PIP2) t producing two second messengers, inositol 1,4,5-trisphosphate (Ins(1,4,5)P3) and diacylglycerol. Ins(1,4,5)P3 releases Ca 2+ from intracellular Ca 2÷ stores whereas diacylglycerol activates the phospholipid-and Ca:÷-dependent protein kinase, protein kinase C, which is involved in many cellular re-1. Abbreviaa'ons used in this paper: CG, cortical granules; Ins(l,4,5)P3, inositol 1,4,5-trisphosphate; pCa, negative log of free calcium; PIP2, phosphoinositol 4,5-bisphosphate. sponses such as cell alkalinization (43, 47) . This hypothesis that the PIP2 pathway is involved in animal egg activation has been partially tested in at least three phyla, sea urchin (43, 47, 54, 55) , frog (24) , and hamster (28) .
The fertilized egg of the frog, Xenopus laevis, exhibits a transient increase in intracellular Ca 2+ from 0.4 to 1.2 #M beginning within the first 2 rain after fertilization, and returning to its original value by the end of 10 min (3). It has also been observed that the microinjection of sufficient Ins(1,4,5)P3 into the Xenopus egg can trigger a Ca 2. release from intracellular stores (4) that is indistinguishable from that observed at fertilization (3) . In this study, we have attempted to identify the Ins(1,4,5)P3-sensitive Ca 2÷ storage site(s) in eggs of Xenopus laevis. Organelles and other cellular components of the Xenopus egg can be easily stratified into separate layers by centrifugation within an intact living cell. This allows us to perform our experiment in the relatively physiological conditions of intact egg cytoplasm rather than as an organelle fraction prepared by homogenation and purification which exposes the cell components to unphysiological conditions. Stratified eggs exhibit unique organelle layers: lipid-, ER-, mitochondria-, pigment-, and yolkenriched layers that partitioned within the cytoplasm based on their density. The organelles in each layer were identified by EM. The intracellular Ca 2÷ concentration in each layer was directly measured using Ca2÷-sensitive microelectrodes. We used a novel theta-tubing, double-barreled Ca 2÷ electrode in which one barrel was used as the Ca z÷ sensor and the other for Ins(1,4,5)P3 microinjection based on the design of Munoz et al. (32) . The advantage of this technique over previous ones is that the two tips of the theta-tubing electrode are very close to each other (~3/~m apart) so we were able to measure the [Ca2÷]~ close to the Ins(1,4,5)P3 injection site.
In this study we report the direct measurements of the local intracellular free Ca 2+ release in response to Ins(1,4,5)P3 microinjection in the organelle-stratified, centrifuged Xenopus egg. The ER-enriched layer releases the largest amount of Ca 2÷ whereas other layers release much smaller amounts. The amount of Ca 2+ released from the ER is dose dependent, and this Ca 2+ is removed within 1 min after release.
Materials and Methods

Centrifugation of Eggs
Xenopus eggs were obtained by squeezing females that had been induced to ovulate via injection of 800 IU of human chorionic gonadotropin (Sigma Chemical Co., St. Louis, MO) 8-10 h earlier. The eggs were dejeUied by gentle agitation in 2% L-Cystein in F1 solution (31.25 mM NaCI, 1.75 mM KCI, 0.5 mM Na2HPO4, 1.0 mM CaCI2, 0.06 mM MgCIe) with pH adjusted to 7.8 with NaOH. After washing extensively with F1, eggs were suspended at the interface formed between 5 ml of 30% Ficoll solution and 5 ml of Fi solution (similar procedures in Rnna pipiens oocytes had been described in reference 27). 10 mM chlorobutanol was added to the F1 solution to reduce the likelihood of activation during centrifugation. Centrifugation was conducted in a centrifuge (RC-5B; Sorvall Instruments, Newton, CT) with HB-4 rotor at 4,080 g for 1 h at 18°C. The stratified eggs were removed from the F1/Ficoll cushion interface and transferred to the small plexiglass chamber filled with 30% FicolI-Fl (without chlorobutanol) for these studies.
Construction of the Double-barreled,
CaZ+-specific Microelectrodes
Electrode construction combined the methods of Busa's modified version (3), Tsien and Rink (52, 53) , and Munoz et al. (32) . In brief, chromic acidcleaned, borosilicate glass, theta-tubing capillaries were pulled to form submicrometer tips with a shoulder-tip length of 1.0 cm, beveled at a 45 ° angle to an open width of ~5.0 #m across the bevel. The Ca 2+ electrode barrel was silanized with aminosilane as described by Munoz et al. (32) . The silanized barrel was then back filled with pCa 7.0 (negative log of free Ca 2+ concentration) calibration buffer and the tip was filled via suction with a 100-150-#m-long column of unjelled Ca 2+ sensor, (ETH 1001; Fluka Chemical, Ronkonkoma, NY) while blowing air into the other barrel (to be used for Ins (I,4,5) P3 injection) to prevent filling both with Ca 2+ sensor. The electrode tips were then briefly dipped twice into polyvinyl chloride-gelled Ca 2+ sensor and dried in the air for 15 min after each dip. The microelectrodes were first conditioned by immersing their tips for 0.5-3 h in the pCa 7.0 buffer solution before calibration and adopted when their response ranged from 26-29 mV per lO-fold change in [Ca2+h. On average, about one out of three electrodes met this criterion without giving detectable electrical drifting. Injection barrels were back filled with 2 #1 of the microinjection solution just before cell impalement.
Membrane potential microelectrodes with submicrometer tips were pulled from borosilicate glass tubing that contained an inner fiber, and were backfilled with 0.5 M KCI, 10 mM EGTA (pH 7.4). Their resistance ranged from 7 to 15 Mr/in FI.
Electrophysiological Recordings and Microinjection
Experiments were performed in a 3-mm-deep plexiglass chamber with a glass coverslip bottom. The bath was grounded via an Ag/AgCl wire in an Fl-agar-filled tube. The membrane potential electrode was connected to a standard electrophysiological amplifier (AM-4; General Bio-engineering, Valley Center, CA). The calcium electrode was connected to a unity-gain, high-input impedance amplifier (31 lJ; Analog Devices, Inc., Northwood, MA). Subtraction of membrane potential from the Ca 2+ electrode output was performed by using a differential input on the ch~lrt recorder and the oscilloscope.
Calcium microelectrodes were calibrated in buffers of pCa 6.0, 6.5, 7.0. These contained 10 mM EGTA, 5 mM CaCI2; (for pCa6.0) 10raM Pipes, 45 mM KOH, 15 mM KCI (pH 6.77 at 230C); (for pCa 6.5) l0 mM Pipes, 47 mM KOH, 12 mM KC! (pH 7.02 at 23°C); and (for pCa 7.0) 10 mM 4-MOPS, 35.5 mM KOH, 29.3 mM KCI, pH 7.27, at 23°C). These buffers' ionic strength was 150 mOsm, close to that of Xenopus egg cytoplasm (34, 58) . We used the"mixed constants" for EGTA to calculate the resulting free Ca 2+ levels after correction for ionic strength as discussed on page 45 of reference 50. It usually took a few seconds to change buffers completely (~10 times the original volume). Although it is difficult to estimate the exact response time of the Ca2+-specific electrodes, the average response time from pCa 7.0 to pCa 6.5 was 2.2 s (SD = 0.7, n = 9) and from pCa 6.5 to pCa 6.0 was 1.9 s (SD = 0.9, n = 9). Those numbers were calculated using as a start time the point at which the chart recorder pen began to move fastest during the solution change. The maximum pen response time measured was 0.3 s to traverse 25 cm. In response to Ins(l,4,5)P3 injections the average electrode response time was 0.5 s (SD = 0.07, n = 32).
The most aggravating problem faced by those using Ca 2+ microelectrodes is the electrodes' fairly frequent failure to calibrate identically before and after cell impalement. Calibration curves may either be displaced by many mV after withdrawal from the cell, or the electrode response may be reduced, or both. One way to minimize this baseline shift is to impale a cell a few times with a newly constructed electrode before beginning an experiment. If the electrode still calibrates well, it is less likely to shift its output baseline with subsequent impalements. Throughout the experiments, electrodes were calibrated before and after cell impalement; only data from those displaying nearly identical recalibrations (within 3 mV) after impalement were used for the quantification of intracellular Ca 2+ concentration. Another major technical problem with Ca 2+ microelectrodes is a reduced sensitivity to Ca 2+ at the final calibration after impalement. This was most common after rather long experiments of 3 h or so. In such cases, of course, the data were discarded. Such difficulties resulted in few reliable data sets compared with the number of attempts that have been made (4 out of 15 in the iontophoresis experiment, and 5 out of 22 in the pressure injection experiment).
Microinjections were performed either iontophoretically or by pressure. For iontophoresis, injection barrels were loaded with l-mM solutions of either Ins(1,4,5)P3, inositol-l,4-bisphosphate, or fructose-l,6-bisphosphate as specified, in every case in 0.1 mM Hepes, pH 7.8. All chemicals were purchased from Sigma Chemical Co. Electrical connection with this filling solution was made via an Ag/AgCI wire glued into the injection barrel. Negative current was injected using the constant current injection circuit of a preamplifier (model AM-4; General Bio-engineering), and current commands were supplied to the amplifier through a stimulus isolator (model 305; W-P Instruments, Inc., New Haven, CT) by an Anapulse stimulator (model 301; W-P Instruments Inc.). The injected current was monitored at the current monitor output of the amplifier using an oscilloscope with a digital waveform analyzer (model 5DI0; Tektronix, Inc., Beaverton, OR), and both this oscilloscope and a chart recorder were used to record the Ca 2+ electrode output. The electrical artifact generated at the Ca 2+ electrode by the iontophoretic current injection was corrected by subtracting the amplitude of the recording obtained by the injection of Ins(l,4,5)P3 into the calibration buffer outside of the egg from the electrode's response to Ins(l,4,5)P3 injection in the egg.
For pressure injections, one of the barrels of the double-barreled electrode was loaded with injection solution and connected to a picospritzer (General Valve, Fairfield, NJ). Pressures ranging from 20 to 30 psi for 0.1-5 s were used for the injections. The volume with these pressure ranges were measured by injecting into oil before-and after experiments. Volumes injected varied from 4.2 x 10 -~5 to 6.3 x 10 -~2 liters. However, the exact volume injected in each experiment was difficult to estimate since the preand post-calibration was usually not the same. This inconsistency was due to the clogging of the injection barrel with a sticky egg cytoplasm during the experiments.
EM
Centrifuged eggs wore fixed in 3 % glutaraldehyde in FI for 3 h, washed with F1 four times, and then postfixed in 1% osmium tetraoxide for I h. After washing with FI two times, eggs wore dehydrated with an acetone series, embedded in plastic, and sectioned. Sections were poststained with uranyl acetate in 70% ethanol for 5 rain and examined with an electron microscope (model 410; Philips Electronic Instruments, Inc., Mahwah, NJ). 
Results
Previous experiments demonstrated that microinjection of Ins(l,4,5)P3 into Xenopus laevis eggs released Ca 2+ from intracellular stores, and for sufficiently large doses the characteristic wave of intracellular Ca 2+ release induced by Ins-(1,4,5)P3 was indistinguishable from that observed during fertilization (4) . In these experiments we tried to identify the Ins(1,4,5)Prsensitive Ca 2÷ storage organelle in frog eggs by stratifying the organelles by centrifugation and using doublebarreled Ca 2+ microelectrodes. Fig. 1 shows a light micrograph of an organelle-stratified Xenopus egg consisting of morphologically distinct layers in the order of their specific densities. EM indicates that the top milky layer is composed largely of lipid droplets, the transparent layer is composed mainly of smooth and rough ER microsomes (5), the opaque layer is mainly composed of mitochondria, and the bottom yellow layer is composed of yolk platelets with a thin layer of pigment on top (Fig. 2) . There is very little contamination of other organelles in the ER microsome layer, but some microsomes can be seen in the lipid, mitochondria, and yolk layers. A small number of mitochondria could also be found in the yolk layer. We also observed cortical granules (CG) along the cortex of the stratified eggs, suggesting that they were probably unactivated (Fig. 3) . We have examined the charactmds~s of Ca ~÷ release in the four major layers (lipid, ER, mitochondria, yolk) of centrifuged eggs using doublebarreled, Ca2÷-specific microelectrodes made from thetatubing. Microelectrodes incorporating a Ca2+-selective tip adjacent to an Ins(1,4,5)P3 injection barrel (<3 #m away) were introduced into each layer *30-80 #m below the plasma membrane, and the microinjection of Ins(1,4,5)P3 was accomplished either by iontophoresis or by pressure.
Ca t÷ Release Characteristics of the ER Layer
We (Fig. 4 and Fig. 5 ). In two of the four iontophoresis experiments, the amplitude of the increase in [Ca2+]~ was linearly proportional to log of the Ins-(1,4,5)P3 injected (Fig. 5, C and D) . In two other cases, the increased [Ca2+]~ was linearly proportional to the amount of Ins(1,4,5)P3 injected (Fig. 5, A and B) .
The minimum amount of Ins(1,4,5)P3 required to generate a detectable Ca 2÷ release in one particular recording (Fig. 4) was ~0.027 nC of iontophoretic charge. However, this number varied from 0.02 to 0.2 nC among recordings due to slight differences in both electrodes (it is difficult to construct double-barreled electrodes with identical response characteristics) and the local density of Ins(1,4,5)P3-sensitive organelles. The amount of Ins(1,4,5)P3 delivered from the 0.02 nC of injection current can be estimated by the formula q = nl/zF; where q is the amount of charge in moles, n is the transport number, I is the amount of charge injected, z is the charge number of the ion, and F is Faraday's constant (37) . If one assumes that half of this current is carried by Ins(1,4,5)P3 with a net charge of -4, this much current would generate a local maximum concentration of 100 nM within a spherical region 40 #m in radius. This radius was calculated from the diffusion equation in three dimensions as the distance Ins(1,4,5)P3 would diffuse within 0.5 s using a diffusion constant of 6 x 10 -6 cm2s -~ (measured for glucose in dilute aqueous solution). This diffusion distance is surely an upper limit since the Ins(1,4,5)P3 diffusion constant in egg cytoplasm is likely to be smaller than that of glucose in dilute aqueous solution due to the slightly larger molecular weight and the enhanced viscosity of the organelle-rich cytoplasm. In most eukaryotic cells the viscosity of cytoplasm has been found to be two to six times higher than that of water; and FRAP studies in living cells indicated that even the smallest intracellular proteins diffuse at least three times more slowly in cytoplasm than in dilute aqueous solution, regardless of charge or binding specificity (see reference 26 for review).
Besides using iontophoretic delivery of the Ins(l,4,5)P3 into the stratified egg, we also have injected the Ins(1,4,5)P3 by pressure. The pressure injection method had the addi- tional problems of injected barrel clogging and, in some cases, vibration of the electrode upon pressure pulse application. Electrode vibration usually resulted in a large, intracellular Ca 2+ increase near the electrode regardless of which organelle layer was being investigated. It is likely that this increase was due to the movement of extracellular Ca ~+ into the cell when the electrode-membrane seal was damaged since such increases were not observed when the electrode did not vibrate. Nevertheless, we have five reliable experiments using pressure injection that are summarized in Fig.  6 . The estimated amount of Ins(1,4,5)P3 injected by pressure ranged from 16 nM to 23 #M in the sphere with a 40-#m radius centered around the injection barrel. As a control we have iontophoresed 32 nC of both 1.0 mM of fructose 1,6-bisphosphate and 1.0 mM of Ins(1,4)P2. Neither of these injections stimulated Ca 2+ release from the ER-enriched layer.
The [Ca2÷] i in the ER-enriched layer returned to within 5% of its original level within 47.4 + 5.1 s (n = 5) after the peak release of intracellular Ca 2÷ (765 + 32 nM, n = 5) induced by Ins(1,4,5)P3 injection (Fig. 7) . The kinetics of Ca 2+ uptake into the ER-enriched layer after injection of Ins(1,4,5)P3 were composed of a rapid phase at the beginning and slower phase at the end. Approximately 73 + 8.2 % (n = 5) of the released Ca 2÷ was removed within the first I0 s and the remaining Ca 2÷ was taken up in the next 60 s. We have tried to compare the characteristics of Ca 2÷ uptake in the ER layer with other layers, however, the amount of Ca 2÷ release induced by Ins(1,4,5)P3 from the non-ER layers was too small for the uptake to be analyzed reliably.
Ca 2+ Release Characteristics of the Other OrganeUe Layers
In contrast to the large release of Ca 2÷ in the ER microsome layer, microinjection of Ins(1,4,5)P3 into each of the other layers released little intracellular Ca ~÷ (Fig. 8) . Fig. 9 shows the relative Ca 2÷ release in each of four layers as a function of the amount of Ins(1,4,5)P3 iontophoresis current. In a typical ER layer the [Ca2÷]~ increases to 780 nM in response to 0.9 nC of Ins(1,4,5)P3 injection current (43 ttM of Ins(l,4,5)P3 in the sphere with a 40-#m radius centered around the injection barrel), whereas in other layers the [Ca2÷]~ increases by <80 nM in response to the same Ins(1,4,5)P~ dose and does not exhibit dosage dependence. The small release of Ca 2+ from the non-ER layers might be due to a small contamination of ER microsomes in these layers since the electron micrographs show some microsomal vesicles in the layers of mitochondria, lipid, and yolk. The characteristics of the increase in [Ca2÷]i by Ins(1,4,5)P3 injection in the unstratified (unactivated) egg is almost identical to that of the ER layer in the stratified egg (Fig. 9) .
As previously mentioned, both the variability in electrode response characteristics and the variable organelle density at the site of impalement resulted in a wide range of Ca 2+ release to a given Ins(1,4,5)P3 dose. This led us to normalize the data so that these results could be pooled. A range of Ins(1,4,5)P3 injections was carried out in each layer of several stratified eggs and the dose of Ins(1,4,5)P3 eliciting a maximal response from the ER layer was determined. The 
D i s c u s s i o n New Findings
We had previously found that the injection of Ins(1,4,5)P3
into the intact Xenopus egg transiently releases an amount A 100 of the other organelle layers to this same dose was response so then determined and is summarized in Fig. 9 . Although the amount of Ins(l,4,5)P3 needed to elicit a given intracellular .~[i ~0 Ca 2÷ increase in each layer differed from experiment to ex-~ 4o periment, it was generally lO-fold less effective in releasing ~ Ca ~+ in non-ER layers than in the ER-enriched layer. Figure 7 . Calcium ~ptake in 800 the ER-enriched layer. Recovery time for the released .~ "~ 600. Ca 2+ was measured from the .~ peak of the Ca 2+ morease in-~' ,m0 duced by a given amount of .~ Ins(1,4,5)P3 injection to the ~ 2o0 time at which the [Ca2+]~ level had returned to sdahin 5 % of the preinjection value. Data points are the mean + SD of five separate determinations.
of cytoplasmic free Ca 2+ locally from intracellular stores that is proportional to the amount of Ins(1A,5)P3 injected (3). If a threshold Ca 2+ level is reached, it triggers a wave of increased free Ca 2+ that spreads over the egg and initiates the early events of egg activation such as tim membrane depolarization, cortical contraction, and CG e, xocytosis. In this report, we have directly demonstrated that the ER-enriched layer of the stratified egg exhibits a lO-fold larger Ca 2+ release upon Ins(1,4,5)P3 injection than tim other organelleenriched layers. This was accomplished by cmnifati~ two novel techniques, the Ca2+-sensitive double-hameled microelectrode technique, and organelle stratification by centrifugation of intact eggs. Both techniques are crucial for this study. Among the various methods for measuring intracellular free Ca 2+, the Ca2+-specific microelectrode has the best spatial resolution and provides the most accurate absolute Ca ~+ level. Using the double-barreled electrode we can accurately measure the local [Ca2+]i a few micrometers from the site of Ins(1,4,5)P3 injection. Centrifugafion of living eggs stratifies the organelles yet retains them in a more physiological condition than other methods such as cell fractionation or permeabilization which would disturb the cell membranes and the normal cellular environment. We have found that for a given amount of Ins(1,4,5)P3, the ERenriched layer releases "~lO-fold more Ca 2+ than the other When the same amount of Ins(1,4,5)p3 iontophoretic current was injected, the ER-enriched layer released the most Ca 2+ whereas the other layers released little. One possibility is that the small release of Ca 2+ from non-ER layers is due to the small contamination of ER microsomes in these layers. In all tracings in this figure, the electrical artifact due to the iontophoretic current injection (a brief, 2-3 mV blip) was corrected for by subtracting from the Ins(1,4,5)P3-indnced response an amount equal to the amplitude of the small change resulting from the response recorded when Ins(l,4,5)P3 was injected into the pCa 7.0 calibration buffer outside of the egg. organeile layers. The amount of intracellular Ca 2+ increase in the ER layer in response to Ins(1,4,5)P3 injection was dose dependent. This dose dependency was unique to the ER layer since no oilier organelle layer showed a dose-dependent response.
Comlmrison to Previous Studies of Ca ~" Release
Most previous studies of Ins(l,4,5)Pr-induced Ca 2+ release have utilized either cell-free systems or permeabilized cells. In general, these studies have shown that the intracellular Ca 2+ release is linearly proportional to the concentration of Ins(l,4,5)P3 for low doses and it plateaus for higher doses where most of the Ca 2+ pools were depleted by Ins(l,4,5)P3 (6, 9, 19, 22, 23, 30, 33, 38, 41, 45, 56, 61) . We have observed both linear and log-linear responses that do not appear to be correlated with the amount of Ins(1,4,5)P3 injected. These different responses may depend on the proximity of the lns(1,4,5)P3-sensitive Ca 2+ store in each case. At the present time we are unable to determine which of the two responses is more physiological.
We know of only two previous studies using intact cells that obtained similar information. Payne and Fein (36) showed that Ins(1,4,5)P3-induced Ca 2+ release was localized to the R-lobe of the Limulus photoreceptor where prominent cisternae of smooth ER are uniquely localized within this cell. They concluded that these cisternae are the probable site of Ins(1,4,5)P3 action. Eisen and Reynolds (11) stratified sea urchin eggs by centrifugation and studied the wave of Ca 2+ release following fertilization. They observed that the "clear zone" which was enriched in ER in these stratified eggs was the source of Ca 2+ release as indicated by aequorin luminescence.
A third approach that has yielded specific information regarding Ins(1,4,5)P3 receptor distribution follows the recent isolation of the Ins(1,4,5)P3 receptor from the mouse cerebellum (14, 15, 40, 44) . Antibodies generated to this protein have been used in immunocytochemical studies to demonstrate that the Ins(1,4,5)P3 receptor is found on the ER in these cells. Unfortunately, these antibodies do not cross react with Xenopus so we have been unable to apply that technique in this system.
Ca t÷ Uptake Kinetics
The Ca 2÷ released by Ins(1,4,5)P3 was removed quickly in the ER-enriched layer. The Ca 2+ uptake kinetics in the ERenriched layer were composed of two phases, the initial rapid phase followed by the slower phase which agrees with observations on ATP-dependent Ca 2+ uptake characteristics from many cell types (22, 23, 31, 42, 56, 61) . However, we have found that the rate of the Ca 2÷ removal was far faster than that found in other studies. In the ER-enriched layer ,o95% of the locally released Ca 2+ was removed within 47.4 + 5.1 s (n = 5), as compared with previous biochemical measurements in other systems with uptake times ranging from several to tens of minutes. Up to now, most kinetic studies of Ca 2+ release and uptake have been done by measuring 4~Ca2+ flux in either permeabilized cells or ER microsome fractions. Under these circumstances, it is difficult to determine the kinetics of Ca 2+ flux reliably, due to uncertainties in diffusion times and the difficulty of aliquot acquisition at very short intervals. In this respect the techniques introduced here are more reliable indicators of the kinetics of Ca 2÷ movement.
Cae+-release Response of Non-ER Layers
The small response of the non-ER layers to Ins(1,4,5)P3 may well be due to the small contamination of ER microsomes in those layers. Another possibility is that an unidentified, Ins(1,4,5)P3-sensitive Ca 2+ store exists that is not separable under the rather mild centrifugal force (4,080 g) performed in this experiment. One candidate is the recently discovered cytoplasmic organelle called the "calciosome" (18, 57) which is Ins(1,4,5)P3 sensitive. Calciosomes have been identified as discrete organoUes (much smaller than the ER) distributed throughout the cytoplasm and characterized by a calsequestrin-like protein in nonmuscle cells. Further work with a calciosome marker such as an antibody to calsequestrin should determine if this organelle is present in the stratified egg. However, even if it is present, the 10-fold higher Ins(1,4,5)P3 sensitivity of the ER-enriched layer indicates that an organelle which can be stratified by centrifugation is more likely to be the main target for Ins(1,4,5)P3 in this cell. Furthermore, the Ins(1,4,5)P3 sensitivity of the stratified ER layer is quite comparable to that of the cortex of an unstratified, unactivated egg. This also suggests that the ER-enriched layer contains the main Ca2÷-releasing organelle, and that the concentration of this organelle in the cortex is comparable to its concentration in the stratified layer.
Previous work (3) demonstrated that the Xenopus egg possesses at least two functionally distinct intracellular Ca 2÷ pools: an Ins(1,4,5)P3-sensitive pool and an Ins(1,4,5)P3-insensitive (ionophore, A23187-sensitive) pool. Although we have directly demonstrated that the ER is an Ins(1,4,5)P3-sensitive Ca z÷ pool, we have not attempted to identify the Ins(1,4,5)P3-insensitive Ca ~÷ pool that is believed to be involved in Ca 2÷ release deep in the cell. Studies using permeabilized hepatocytes (49) and clonal pituitary (GH3) cells (1) suggest the possibility that the Ins(1,4,5)P3-insensitive Ca 2÷ store is a subgroup of the ER itself. Unlike somatic cells, little is known about the identity of the functionally distinct Ca 2+ pool(s) in activating animal eggs.
How are these two functionally distinct Ca 2÷ pools involved during frog egg activation? It seems reasonable to hypothesize that the production of Ins(1,4,5)P3 by sperm-egg interaction triggers a local Ca 2+ release from the Ins(1,4,5)-P3-sensitive ER or cortical ER. This would result in a surface Ca 2÷ wave of Ins(1,4,5)P3-induced Ca2+-release which in turn could stimulate Ca2÷-induced Ca2÷-release deeper in the egg where PIP2 breakdown products might be less common. To test the above possibility it would be necessary to block the natural PIP2 hydrolysis and determine if a normal Ca 2+ wave could be induced by Ins(1,4,5)P3 injection and subsequent Ca2+-induced Ca 2÷ release.
We are not sure whether the stratified eggs we studied were unactivated or activated. While the presence of CG along the entire stratified cortex suggests that the eggs were unactivated, we never observed an activation potential in these eggs despite injecting rather large levels of Ins(1,4,5)P3 which would be expected to activate unactivated eggs. Ultrastructural examination of centrifuged eggs revealed no morphologically distinct cortical ER surrounding CG as found in uncentrifuged eggs. Therefore, it is possible that the normal Ca 2÷ release around the CGs could not occur in these stratified eggs.
